Dogs with acute Ehrlichiu cunis infection showed the established clinical features of acute ehrlichiosis and had thrombocytopenia, anemia, increased serum glutamic pyruvic transaminase activity, and decreased total serum protein and albumin concentrations during the first weeks after infection, and increasing gamma globulin concentrations after the third week.
Canine ehrlichiosis was recognized as a disease entity in 1935 [19] and has been reported in Africa [ 11, 32, 35, 47] , India [34, 43] , the Netherlands Antilles [6] , Panama [28] , Southeast Asia [37] , and the United States [20, 22, 26, 28, 38, 481 . Canine ehrlichiosis is endemic in parts of the United States; its distribution may be limited only by the range of the brown dog tick (Rhipicephalus sanguineus), a principal arthropod vector in the natural transmission of the disease.
Histologically prominent features in terminal cases of chronic ehrlichiosis were focal extravasation from the microcirculation, plasma cell infiltration of meninges, kidney, lymph nodes and sometimes other tissues, diffuse proliferative interstitial pneumonia, nonsuppurative myocarditis and anoxic hepatitis [28] . Infiltration of various tissues by lymphocytes a n d plasma cells occurred consistently and Russell bodies and plasmacytic crystalline bodies were found in the lymph nodes of most dogs, leading the authors to suggest "an exaggerated RE [reticuloendothelial] response-consistent with the clinical hypergammaglobulinemia" in this disease (281.
Gross a n d microscopic lesions of the acute phase of the disease have been reported in only a few dogs, most of which had been splenectomized before infection [49]. The lymphoreticular tissue probably is involved in both early and late stages of canine ehrlichiosis, but neither the nature of this involvement nor the sequential development of the lesions in the acute phase has been described previously.
Materials and Methods
Seventeen purebred beagle dogs from an E. canis-free dog colony were transferred to an air-conditioned animal room and housed in metal cages. The dogs were fed a commercial dog food (Ken-L Ration@, Quaker Oats Company, Chicago, Ill.) ad libitum and watered automatically. After a four-day period of acclimation, the dogs' body weight, rectal temperature, and concentrations of selected blood or serum constituents were measured on three different days during the week before the dogs were placed on experiment, and the mean of all measurements of each parameter during the baseline period was used as the day 0 value in all calculations.
Dogs were selected randomly as principals (14 dogs) or controls (three dogs). The principals were inoculated intravenously on day 0 with 5.0 ml of whole blood from an E. cunis carrier dog. All references to time are days postinfection.
Samples of venous blood collected with and without anticoagulant (K-EDTA, 2 mg/ml of blood) from each dog before and during the experiment were analyzed as follows: In the unclotted samples, the hematocrit was determined using a standard microhematocrit method; the concentration of leukocytes was measured electronically (Coulter Counter, Model Fn, Coulter Electronics, Inc., Hialeah, Fla.); the thrombocyte concentration was obtained by manual counts in a hematocytometer of blood diluted with an ammonium oxalate dilution system (Unopette, Becton-Dickinson Company, Rutherford, N.J.); and the concentration of hemoglobin was measured photometrically as cyanmethemoglobin (Hemoglobinometer, Coulter Electronics, Inc., Hialeah, Fla.). Serum harvested from the clotted samples was held at -20°C until analyzed refractometrically for total serum protein concentration, fractionated electrophoretically (Sepratek System, Gelman Instrument Company, Ann Arbor, Mich.) on cellulose acetate to calculate gamma globulin concentrations, or analyzed colorimetrically for levels of glutamicpyruvic transaminase (SGPT) activity (Sigma Chemical Company, St. Louis, Mo.) [40] . Differential leukocyte counts were made on Giemsa-stained smears of whole blood, and Giemsa-stained smears of buffy coats were examined for the presence of E. cunis-infected leukocytes.
Preinfection and selected postinfection sera from each dog were assayed for titers of specific antibody (serological examination provided by Dr. George Lewis, Univ. of Ill.) by an established indirect immunofluorescence technique [4 I].
Two dogs were killed on each of days 3,7, 12,21,30,42 and 60 postinfection by intravenous administration of a lethal dose of commercial barbiturate euthanasia solution (Lethol, Corvel-Elanco, Div. of Eli Lilly Company, Indianapolis, Ind.). Necropsies were done on all dogs immediately after death. Samples of all major organs were futed in 10% neutral buffered formalin, processed and embedded routinely, and sections approximately 4 pm thick were stained with hematoxylin and eosin (HE). A picro-Mallory stain for platelets and fibrin [12] and an iron stain [33] were used on selected sections. The number of megakaryocytes per low power ( 1 0 0~) field in sections of bone marrow was recorded. Both imprints and HE-stained sections of bone marrow were examined for cellular distribution and density, and differential counts and myeloid to erythroid ratios were determined. Imprints of lung, liver, bone marrow and spleen were stained with Giemsa stain and examined for E. canis organisms.
Results
Infected dogs lost weight, became depressed and developed a rough, dry haircoat and a mucopurulent ocular-nasal discharge, all of which were most pronounced after day 21 postinfection. After day 42 the surviving dogs became more active but did not regain their lost weight. The rectal temperatures increased in the eight dogs not killed by day 14 and remained above 39.4"C until day 35. Prescapular and popliteal nodes became enlarged in six of the eight dogs during the second to fourth weeks postinfection.
Clinical pathology
All of the principals were thrombocytopenic by day 14, with the lowest thrombocyte concentrations between days 14 and 30. After day 30, thrombocyte levels increased gradually but remained below the accepted lower limits for dogs and much below the preinfection values. Total leukocyte counts decreased slightly by day 14, but remained near preinfection levels during the next four weeks. Beginning on day 14, the hematocrit decreased gradually but generally not enough to declare the dogs anemic except relative to their baseline values.
The daily mean levels of SGPT activity in the principals were elevated from day 21 to day 42 ( fig. 1 ). The mean total serum protein concentration decreased in the infected dogs beginning on day 14. The mean total serum protein concentration was lowest on days 2 1 and 28 and had increased only slightly at the end of the experiment when the mean concentration was still 0.5 g/dl below the preinfection level. Serum albumin decreased from day 14 to day 35 in seven of the eight surviving principals; it increased after day 35, but did not return to preinfection levels. Serum gamma globulin increased in seven of eight dogs beginning on day 2 1.
Antibodies against E. canis were found in all of the principals alive on day 21. From day 21 through day 60 the titers ranged from 1:lO to 1:2560, and all but one of the principals had antibodies when killed. All preinfection serum samples were negative, as were those from controls throughout the study.
Morulae typical of E. canis were identified in lung imprints from all principals necropsied on and after day 2 1. Organisms occurred infrequently in imprints of liver and bone marrow and none were found in imprints of spleen.
Gross lesions
The most definite gross lesions were in the lung, liver, and spleen. The lungs of principals did not collapse as completely as did the lungs of controls, and were heavier and darker with a gray hue. Spleens taken from principals between days 21 and 42 were larger and lighter in color than those of the controls, and the white pulp was more conspicuous. The livers were lighter in color and more friable than those of controls. The peripheral lymph nodes from dogs killed on days 7 and 12 were slightly enlarged and contained fluid. The marrow cavity of long bones from the principals contained more active hemopoietic tissue than that of controls, as reflected by a prominent diffuse redness without gross evidence of hemorrhage. Control dogs had a uniformly pale, fatty marrow in the midshaft marrow cavity of long bones, with pink to red coloration in the most proximal and distal parts of the marrow cavity. Other organs were grossly normal in all dogs.
Histology
Splenic lesions, seen first in a dog killed on day 7, were mild diffuse reticuloendothelial hyperplasia of the splenic red pulp and an increased number of phagocytically active reticular cells in some lymphoid follicles. The lymphoid follicles were enlarged and there were laminations of large, pale immature cells at the periphery. On day 12 the enlarged lymphoid follicles contained few small lymphocytes, some had lymphorrhexis in the central areas, and intrafollicular hemorrhage was seen. On day 21, moderate to severe hemorrhage was present in a circular or crescent pattern corresponding to the location of the perifollicular sinus ( fig. 2 ). Clumps of amorphous material with the staining qualities of fibrin (modified picro-Mallory stain) were deposited in the hemorrhagic areas. Many of the lymphoid follicles had a "punched out" appearance because of many randomly distributed, circular spaces that presumably marked the locations of vacuolated (tingible-body) macrophages. The reticuloendothelial hyperplasia in the red pulp was more pronounced on day 21 and small aggregates of plasma cells were seen near trabeculae or blood vessels. Within the aggregates of reticuloendothelial cells there were individual necrotic cells (macrophages), cellular debris and a few neutrophils. There were many megakaryocytes in the red pulp at this time and many mitotic figures in the lymphoid follicles.
On days 30, 42 and 60 there was much less hemorrhage in the lymphoid follicles, which were poorly defined and consisted primarily of large lymphocytes and lymphoblasts. The mantle layer was not discernible and there were few active macrophages. In one principal killed on day 60, the splenic cords contained many plasma cells and the lymphoid follicles had an active germinal center and a discernible mantle layer. The dog with the more severe splenic lesions on day 60 also had hepatic lesions like those seen earlier in the disease in other principles.
In lymph nodes from principals killed on day 12, increased activity of the germinal centers of follicles was manifested by numerous mitotic figures and macrophages. The paracortical areas were enlarged by many large lymphocytes and epithelioid histiocytes with abundant eosinophilic cytoplasm and distinct cellular outline. By day 2 1 the paracortical activity had intensified, with groups of histiocytes and macrophages interspersed among large blastoid lymphocytes ( fig. 3, 4) . The increased cellularity extended into the medullary cords where many large lymphocytes, macrophages, mitotic figures and developing plasma cells were present. These changes in lymph nodes were the same on days 30 and 42, but by day 60 more medium-sized lymphocytes and fewer histiocytes, macrophages and mitotic figures were in the paracortical regions. Also, follicles were difficult to distinguish because of the absence of a mantle of small lymphocytes, and plasma cells, some containing Russell bodies, were the predominant cell in the medullary cords.
An increase in the myeloid to erythroid ratio was indicated by differential counts made on bone marrow smears prepared during necropsy of principals on days 21 and 30. The myeloid to erythroid ratio had decreased toward normal on days 42 and 60. The concentration of non-erythroid cells in the hemopoietic tissue was normal or slightly high during the study, and no trend toward loss of total cellularity was seen. The mean concentration of megakaryocytes in sections of hemopoietic tissue from the principals increased steadily from lO/low power field in the first week to 2O/low power field on day 30 and more than 30/low power field on day 60.
Kupffer cells were enlarged and prominent throughout the liver on day 7, when many small, discrete, focal accumulations of reticuloendothelial cells were distributed randomly in sinusoids. The foci of reticuloendothelial cells increased in number and size through day 21, with compression of adjacent hepatocytes evident by day 12 (fig. 5) . The foci of reticuloendothelial cells were largest on day 21 and caused pronounced distortion of the surrounding acinar architecture. Infiltration of the portal areas by macrophages, lymphocytes, and plasma cells increased through day 42. Hepatic lesions in the two principals killed on day 60 differed in severity. One dog had lesions resembling those found on day 42, but the second dog had more severe lesions similar to those seen on days 12 and 2 1.
Perivascular infiltration of a few plasma cells and histiocytes adjacent to the stellate and other thin-walled veins of the outer cortex on day 21 was the first lesion found in the kidney. The reaction in the outer cortex was more severe in one of the principals and extended to the corticomedullary junction. Perivenular and periglomerular edema, focal necrosis, and infiltrate comprised of many plasma cells, lymphocytes, histiocytes, and macrophages ( fig. 6 ) were most severe between days 21 and 30. Loss of endothelial integrity in stellate veins was manifested by loss of continuity of the endothelium along the luminal surface, sloughing of individual endothelial cells, some with pyknotic nuclei, and hemorrhage into the surrounding tissue. On day 42, the infiltrate contained more plasma cells and lymphocytes and less necrotic debris, and regeneration of the endothelium in stellate veins was evidenced by plump endothelial cells interspersed along the luminal surface. By day 60 the perivenular and periglomerular cellular infiltrate was composed mainly of mature plasma cells and lymphocytes.
Histologic alterations in the lung attributable to E. canis infection were seen first on day 12, when the alveolar septa were thickened by many mononuclear cells, and probably both fixed and wandering macrophages. The interstitial reaction was more pronounced and diffuse on day 2 1. Focal accumulations of lymphocytes and macrophages within and beneath the endothelium (endothelial inflammatory plaques) were present in many small or medium size arteries and veins and the perivascular tissue contained lymphocytes, histiocytes and plasma cells. These lesions were less severe after day 21, although the lumen of many smaller blood vessels was filled with monocytic mononuclear cells.
Discussion
The clinical signs in the principals were typical of those described in natural and experimental canine ehrlichiosis [2 1, 361 . The hematologic changes measured in our dogs with acute ehrlichiosis also resembled those reported by others [8, 29, 35,451. Our study indicates that hepatic injury sufficient to modify the concentration of serum constituents such as SGPT and perhaps albumin exists for only a brief time during the acute phase of the disease. We did not define pathogenesis of the hypoalbuminemia, but there was a definite temporal association with the presence of hepatic lesions. The increase in SGPT activity and the decrease in serum albumin occurred simultaneously with the development of many expanding foci of reticuloendothelial cells in the hepatic sinusoids, which compressed and caused necrosis of adjacent hepatocytes. As the severity of these lesions diminished, the SGPT levels returned to normal and the serum albumin increased. The transient nature of this hepatic lesion (14 to 21 days) may explain why the serum enzyme abnormalities have not been detected in previous studies (35, 501.
The hypergammaglobulinemia found in all of the principals is a consistent feature of canine ehrlichiosis, occurring as early as three weeks post infection and persisting indefinitely [lo] . Specific anti-Ehrlichiu cunis antibodies have been detected as early as seven days postinfection, although most dogs do not develop antibodies until the second or third week postinfection [ 10, 5 11. The levels of hypergammaglobulinemia and specific antibody activity do not correlate, indicating that most of the globulins responsible for the total increase in gamma globulin were not antibody to E. cunis. Persistent infection with E. canis also has been seen in dogs with hypergammaglobulinemia, suggesting an exaggerated immune response with inadequate effectiveness The gross lesions in the principals were nonspecific; the splenomegaly and heavy, discolored, uncollapsed lungs were the most consistent. Splenomegaly has been seen in the acute phase of ehrlichiosis by others [21, 491, while no or only slight increase in splenic size is found in the chronic disease [28] .
The early apparent reduction in the number of small lymphocytes in the mantle surrounding lymphocytic follicles in lymph nodes from the principals was similar to that described in canine neorickettsiosis [ 14,241. Although the exact fate of this small lymphocyte, presumably of T-cell origin [ 17, 181, was not ascertained, it is likely that these cells either underwent blastic transformation or were displaced as the mantle became obscured by proliferating immature lymphocytes, many of which may have been progenitors of the paracortical lymphoid hyperplasia that followed [ 161. Large lymphocytes of Bor T-cell origin cannot be distinguished morphologically and only their anatomic location indicates the cell line involved [ 151. The follicular germinal [9, 101. centers in these lymph nodes enlarged at about the same time that the mantle of small lymphocytes disappeared. The many lymphoblasts in the germinal centers and interfollicular (paracortical) tissue gave the cortical and paracortical areas a homogeneous appearance, similar to the description by others of cortical "blurring" in lymph nodes under intense antigenic stimulation [ 131. This impression of cortical homogeneity was enhanced by the absence of a distinct layer of small lymphocytes surrounding the follicles. The hyperplastic activity of lymphocytes in both Band Tdependent areas of the lymph nodes implies that ehrlichia antigens stimulated both cell lines [15, 181. Changes in the cellular composition of splenic lymphoid tissue paralleled the changes in the lymph nodes. The disappearance of small lymphocytes in the periarteriolar lymphoid sheath was accompanied by perifollicular blastic transformation and an increase in the number of macrophages in or around the white pulp. This was followed by an increase in the size and activity of germinal centers at about the same time that hemorrhages were seen near the marginal or perifollicular sinus [2, 27, 461 .
The splenomegaly of acute ehrlichiosis is noncongestive, and is caused by an increase in non-erythrocytic cellularity resulting from diffuse proliferation of lymphoreticular cells in the white pulp and reticuloendothelial cells of the red pulp. This type of splenomegaly may result in significant nonspecific pooling or sequestration of erythrocytes and platelets [4, 5, 23, 301. The splenic sequestration of platelets reduces the blood platelet concentration and in extreme cases may cause difficulty in interpreting data from labelling studies, because it is not possible by external scanning techniques to distinguish platelet destruction from splenic sequestration of platelets [45] . The effects of splenomegaly and follicular hemorrhage certainly do not account for the total loss of platelets seen in acute ehrlichiosis, but they undoubtedly have a contributory role. Hypersplenism leading to anemia and thrombocytopenia has occurred in other infections characterized by prolonged stimulation of the reticuloendothelial system and an increase in circulating monocytes (23, 3 11. Gross and microscopic changes in hemopoietic tissue were similar to those described in the acute disease [8, 49] . The increase in megakaryocytes during the acute disease presumably reflects attempted hemopoietic response to the persistent thrombocytopenia which typifies this phase of the disease. Hypercellularity of bone marrow also has been reported in the acute phase of other rickettsial diseases such as scrub typhus, epidemic typhus, and Rocky Mountain spotted fever [I].
Previous reports have described the relationship of E. canis infected cells to the vascular endothelium [28, 44] . Infection of endothelial cells is a common feature of many rickettsial [ 1 J and chlamydia1 diseases [42] including canine ehrlichiosis. Subendothelial mononuclear aggregates may cause a bulging of the endothelium into the vascular lumen in human rickettsial infections. This lesion also has been seen, especially in the lung, in both experimental and natural canine ehrlichiosis. Infection of endothelial cells with rickettsial organisms may lead to endothelial damage, which has been postulated to cause thrombocytopenia and thrombosis in the acute stage of some rickettsioses [ 11. Thrombosis and hemorrhage of the type described in human cases of typhus and Rocky Mountain spotted fever, however, usually are not seen in ehrlichiosis. Endothelial damage with or without destruction of the cell may cause platelet activation and clumping [3, 521, but if the endothelium remains intact, the aggregated platelets become dislodged without activating fibrinogen [3] .
In previous reports on canine ehrlichiosis there are references to renal perivenular and periglomerular accumulations of lymphocytes and plasma cells [28, 49] . Phlebitis has not been reported, perhaps because this lesion appears early in the infection and, by about the eighth week, is overshadowed by the perivascular infiltrate of mature plasma cells. The early vasculitis, and the perivascular cuffs of plasma cells which develop subsequently, strongly imply that antigenic substances are present in the vessel wall. The presence of predominantly mononuclear cell aggregates associated with vasculitis is not unique to E. canis infection. Other investigators have demonstrated a severe vasculitis associated with experimental Trypanosoma brucei infection, in which the predominant cell type is often mononuclear [25] . All other characteristics of the T. brucei lesion are similar to endotoxin-induced vasculitis. Both vasculitis and hypergammaglobulinemia occur commonly in acute trypanosomiasis and in several rickettsial diseases. Data from the present study only suggest an immune-mediated vasculitis in E. canis infection, but in other rickettsial diseases the immunologic basis of vascular lesions is well documented [7].
The proliferative hepatic lesion observed in this study has not been reported previously in canine ehrlichiosis. Several authors have reported portal infiltrates of plasma cells and lymphocytes and have mentioned individual hepatocellular necrosis, but aggregates of reticuloendothelial cells with moderate necrosis of surrounding hepatocytes have not been described previously. The nodules produced by the proliferative response of the reticuloendothelial system apparently caused circulatory and pressure-related injury to the adjacent hepatocytes. The gradual increase in size of these nodules with accompanying hepatocellular necrosis presumably accounts for the low to moderate elevation in SGPT levels. Aggregates of reticuloendothelial cells, termed "typhus nodules," occur in the brain, heart and other tissues of patients with rickettsial infections of the typhus group [ 1,391. These nodules usually are associated with blood vessels and probably represent a host response to proliferating organisms within the endothelium of small vessels [39]. Similar aggregates have been described in experimental neorickettsiosis [24] .
Infection with E. canis results in hyperplasia of the lymphoreticular system with both the Band T-cell compartments affected during the acute stage of the disease. As previously reported [28] , the B-cell compartment is altered most obviously after 45 to 60 days postinfection. The lymphoreticular system has a multifaceted role in acute E. canis infection, and the histologic lesions involving cells of the hemic and lymphoreticular systems [2 1,28,49] reflect an exaggerated host reaction in attempted compensation for an ineffective immune response.
